SPOCK1 is highly expressed in many types of cancer, which has been recognized as a promoter of cancer progression, while its regulatory mechanism remains to be clear in breast cancer (BC). This study aimed to explore the precise function of SPOCK1 in BC progression and the mechanism by which SPOCK1 was involved in cell proliferation and epithelial-mesenchymal transition (EMT).
RESULTS
SPOCK1 was abnormally and strongly expressed and associated with metastasis and poor prognostic in BC. SPOCK1 was highly expressed in various cancers, prostate cancer, pancreatic cancer, lung cancer and breast cancer included ( Fig. 1A) . We analyzed SPOCK1 mRNA expression across different datasets (27) (28) (29) on Oncomine database and found that SPOCK1 was higher-expressed in BC than in normal tissues (Fig. 1B) . The median rank of SPOCK1 in high expressed genes of BC was 672.0 based on a meta-analysis across seven datasets for Oncomine algorithms (P=1.06E-11) (Fig. 1C ). Furthermore, the UALCAN database, which integrated TCGA samples, showed the same results (Fig. 1D ). UALCAN also displayed mRNA expression of SPOCK1 in 33 kinds of cancers, in which several cancers increased expressed SPOCK1, including breast cancer. In the HPA database, SPOCK1 protein expression was manifested hardly detected in normal sections but significantly higher expressed in BC (Fig. 1E ).
To further confirm the expression pattern of SPOCK1 in BC, 80 BC tissues and 10 adjacent non-tumor tissues were examined by IHC assay. IHC analysis showed that SPOCK1 was significantly higher expressed in BC tissues than in adjacent non-tumor ones. The positive rate (93.8%; 75/80) and strongly positive rate (72.5%; 58/80) of SPOCK1 in BC were both significantly higher than in adjacent non-tumor tissues (30.0%, 3/10 and 10%; 1/10) (P<0.001) ( Fig. 1F, Table 1 ), which confirmed that SPOCK1 was aberrantly upregulated in BC. Notably, aberrant SPOCK1 expression was associated with histological differentiation (P=0.011), and LN metastasis (P=0.026), but not with the patients' age or the status of ER and PR ( Fig.   1G , Table 2 ). Not only that, but high SPOCK1 expression was markedly related to unfavorable outcomes in BC patients. We evaluated the relationship between the SPOCK1 expression level and OS, RFS, PPS and DMFS of patients with BC by Kaplan-Meier plotter database. As showed in Fig. 1H , high SPOCK1 expression resulted in shorter OS, RFS, PPS and DMFS in various datasets. Finally, the level of SPOCK1 was significantly higher in the high-risk group compared to low via SurvExpress database. In general, these results underscored that SPOCK1 was strongly expressed in BC and could serve as an outcome predictor in BCs.
SPOCK1 accelerated cell cycle progression and promoted cell proliferation
in BC. To verify the potential oncogenic activity of SPOCK1 in BC, we surveyed SPOCK1 endogenous expression in a series of BC cell lines and a normal immortalized mammary gland cell line by western blot. Among 7 cell lines, MCF7 and SKBR3 cell lines exhibited high SPOCK1 expression, MDA-MB-231 and HS 578T cell lines showed low expression ( Fig. 2A) . To explore the potential biologic function of SPOCK1, we chose MCF7 and SKBR3 cell lines for SPOCK1 knockdown, chose MDA-MB-231 and HS 578T cell lines for SPOCK1 stable overexpression. The level of SPOCK1 expression in stable infected cell lines was verified by western blot (Fig. 2B) , and the transfection efficiency was shown in Fig.   2C . The best silencing effect was obtained with the shSPOCK1#2 and shSPOCK1#3 constructions for MCF7 and SKBR3 cell lines. Meanwhile, stability overexpression of SPOCK1 in MDA-MB-231 and HS 578T cell was exhibited.
MTT and EdU incorporation assays were used to determine the potential function of SPOCK1 in BC proliferation. As showed in Fig. 2D -E, silencing SPOCK1 significantly suppressed the cell growth, whereas SPOCK1 overexpression promoted cell proliferation. Similarly, upregulation of SPOCK1 facilitated the cell clonogenicity, while SPOCK1 knockdown formed the smaller and fewer colonies compared with the controls (Fig. 2F ). We further analyzed the influence of cell cycle with different levels of SPOCK1 expression. The flow cytometry assay indicated that cells with higher SPOCK1 expression accelerated the progress of G 2 /M phase, compared with respective control (Fig. 2G ). Additionally, SPOCK1 knockdown decreased the level of Cyclin-B1, CDK1, C-myc and Survivin, which were coupled with a concomitant increasing the expression of P21 and P27 ( Fig. 2H ). Conversely, ectopic expression of SPOCK1 displayed adverse results. Together, the results demonstrated that SPOCK1 plays a crucial role in BC cell cycle and proliferation in vitro.
In vivo, stable BC cells with modified SPOCK1 expression were subcutaneously injected into the fourth mammary fat pad of nude mice. The volumes of tumors formed by high SPOCK1 expression cells were significantly higher than those from low expression cells ( Fig. 2I ). Additionally, the expression of Ki67 in MCF7-NC group SKBR3-NC group and MDA-MB-231-SPOCK1 group was much higher than in their negative control groups (Fig. 2J ). Overall, these findings suggested that SPOCK1 promoted the BC cell growth in vivo.
SPOCK1 motivated BC metastasis via EMT process.
Next, we observed the metastatic ability of BC cells with different SPOCK1 expression. The wound-healing assay indicated that cells with higher SPOCK1 expression displayed a more widespread wound closure area, compared with corresponding control (Fig. 3A) .
Transwell assays provided consistent evidence ( Fig. 3B ). To further explore the effect of SPOCK1 on BC metastasis in vivo, stable cells with modified SPOCK1 expression were injected into nude mice tail vein. The number of pulmonary metastasis in higher SPOCK1 expression group was significantly more than corresponding control, which got the opposite result in lower SPOCK1 expression group (Fig. 3C ). Meanwhile we found that the cells with higher SPOCK1 expression lost cell polarity, displayed spindle-shape and acquired mesenchymal morphology of stronger invasion and metastasis ability but lower SPOCK1 expression tended to be an opposite morphology To speculate whether EMT should be responsible for SPOCK1-mediated changes in BC metastasis, we analyzed a cohort of 1101 BC samples from TCGA dataset by UCSC Cancer Genomics Browser. As presented in Fig. 3E , we found that the heat maps of SPOCK1 in BC were strikingly coincident with VIM, SNAI1, SNAI2, TWIST1, S100A4, ZEB1, and ZEB2, inversely proportional to CDH1 (E-cadherin). Similarly, GEPIA2 database also showed positive correlations between SPOCK1 and mesenchymal proteins ( Fig. 3F ). Then western blot and IF assays showed that downregulation of SPOCK1 accelerated the expression of epithelial markers and accompanied by a reduction of mesenchymal markers ( Fig. 3G-H) .
Consistently, the group with high SPOCK1 expression displayed inverse results.
Additionally, IHC staining results showed a higher expression of E-Cadherin and lower expression of Vimentin in shSPOCK1 group tumor tissue. Conversely, sections with high SPOCK1 expression displayed the opposite effects ( Fig. 3I ). Taken together, these findings indicated that SPOCK1 enhanced EMT progression and triggered BC metastasis in vitro and in vivo.
The oncogenic activity of SPOCK1 was significantly correlated with AKT/mTOR pathway. AKT/mTOR signaling pathway has vital roles in cancers evolution, which activation has been found in most BCs (30) (31) (32) (33) . Thus, we speculated that whether SPOCK1 involved the regulation of AKT/mTOR pathway in BC.
Strikingly, depletion of SPOCK1 resulted in a decreased abundance of p-AKT, p-mTOR, p-S6 and p-4EBP1, where the total protein levels were not influenced ( Fig.   4A ). Then we further explored which role did the AKT/mTOR pathway played in SPOCK1-mediated regulation of BC. We used PI3K/AKT inhibitor LY 290042 and mTOR inhibitor Rapamycin to block PI3K/AKT/mTOR activity, and found that the inhibitors not only suppressed the activation of PI3K/AKT/mTOR pathway, but also reversed the promotion of SPOCK1 to the pathway. However, the inhibitors had no These results demonstrated that SPOCK1, at least partly, contributed to BC proliferation and EMT by activating AKT/mTOR signaling pathway.
Identification of SIX1 served as a target gene of SPOCK1 in BC.
To further explore the molecular mechanisms underlying SPOCK1-induced BC proliferation and metastasis process, we found the potential target gene of SPOCK1 by bioinformatics strategies. We detected SPOCK1 protein-protein interactions by web-based databases, STRING and GeneMANIA, and intriguingly found that SPOCK1 was also associated with SIX1 ( Fig. 5A ). The mechanism has been clarified that SIX1 could induce BC cells to undergo EMT progress and metastasis via TGF-β pathway (34, 35) . Moreover, SIX1 was highly expressed in breast cancer (27, 29) ( Fig. 5B -E). The UALCAN and HPA databases showed the same results ( Fig. 5F -G). Additionally, Kaplan
Meier-plotter and SurvExpress databases displayed that high level of SIX1 expression showed poor OS, RFS and DMFS, and acquired higher risk ( Fig. 5H ). In all, these data highlighted that SIX1 was highly expressed in BC and correlated with poor clinical outcome.
According to these data, we conjectured whether SPOCK1 enrichment in cells had an affiliation with SIX1. Consistent with our conjecture, IF and western blots assays displayed that SIX1 was enriched in SPOCK1 highly expressed cells, whereas SPOCK1 knockdown decreased the level of SIX1 expression ( Fig. 5I -J). To further explore potential binding interaction between SPOCK1 and SIX1, co-immunoprecipitation (Co-IP) assay was performed. As showed in Fig. 5K , we discovered the physical interaction of SPOCK1 with SIX1. Additionally, IF staining showed colocalization of SPOCK1 and SIX1 in cytoplasm ( Fig. 5L ). Taken together, our findings indicated that SIX1 served as a target gene of SPOCK1 in BC.
The SPOCK1/SIX1 axis regulated BC proliferation and metastasis via
AKT/mTOR signaling activity. To explore the potential mechanism of SIX1 involved SPOCK1-induced proliferation, EMT and metastasis, we knocked-down SIX1 expression by siRNA in SPOCK1 stable overexpression cells ( Fig. 6A ). As expect, silencing the expression of SIX1 effectively restrained the SPOCK1-mediated cell proliferation, clone formation and cell cycle progression ( Fig. 6B-E) , and reversed SPOCK1-induced cell motility, migration and invasion ( Fig. 6F-H ). Furthermore, down-regulated the expression of SIX1 was substantially offset the SPOCK1-involved activation of AKT/mTOR signaling but didn't affect the level of SPOCK1 expression ( Fig. 6I ). Altogether, this evidence suggested that SIX1 silencing could, at least partially, abolish the biological behaviors that SPOCK1-induced in BC.
DISCUSSION
SPOCK1 is an extracellular matrix glycoprotein, which is regarded as a candidate oncogene, has been verified to be closely related to the tumorigenesis, tumor progression, adhesion and metastasis of various tumors (36, 37) . Chen et al.
reported that SPOCK1 was involved in slug-induced EMT and promoted cell invasion and metastasis, which high expression was also a prognostic factor for poor survival in gastric cancer (10) . Results in this study documented that SPOCK1 was highly expressed in BC cells and clinical specimens relative to normal ones, which were paralleled with Oncomine, HPA and Ualcan databases. IHC analysis displayed that SPOCK1 was related to tumor histological differentiation and LN metastasis.
Moreover, Kaplan Meier-plotter database displayed that BC patients with high SPOCK1 expression had poor OS, RFS, PPS and DMFS. Our findings were similar with the results in urothelial carcinoma (UC), that higher SPOCK1 expression was correlated with unfavorable clinicopathological parameters and conferred a poor prognosis in UC (12) . Evidence from SurvExpress database further showed that high expression of SPOCK1 had higher risk in BC. These observations illustrated that SPOCK1 might play a crucial role in the treatment and prognosis evaluating of BC.
Infinite proliferation and metastasis are leading responsible for tumor malignant phenotypes, while initiation of EMT is the early step of the metastatic cascade.
Unquestionably, EMT is identified as the dominant program in BC initiation and metastatic spread (38, 39) . A previous study revealed that deregulating the expression of SPOCK1 suppressed colorectal cancer (CRC) proliferation in vitro and vivo, SPOCK1 was involved in CRC malignant features (7) . Notably, SPOCK1 was altered by EPCR to mediate 3D growth consequently promoted breast cancer progression (40) . Here, we detected the variation on BC cells by modifying SPOCK1 expression, which revealed that SPOCK1 overexpression improved the proliferative and metastatic properties of BC cells and suppression of SPOCK1 got the opposite effect.
The xenograft and lung metastasis models further confirmed the results in vitro.
Specifically, western blot and IF analyses displayed that SPOCK1 gained the expression of mesenchymal markers and lost the epithelial markers. Moreover, similar evidence was verified in xenograft mouse sections, suggesting that SPOCK1 triggered EMT process both in vitro and in vivo.
The synthesis of multifarious signaling molecular events leaded the oncogenesis of BC. Understanding and identifying these signaling mechanisms would enable restrain EMT progress to further therapeutic control cancer metastasis (41) (42) (43) .
Previous studies reported that SPOCK1 could mediate EMT by Wnt/β-catenin signaling in non-small cell lung cancer (8), PI3K/AKT signaling pathway in colorectal cancer and others (7) . Moreover, SPOCK1 blocked gallbladder cancer (GBC) cell apoptosis and promoted cell proliferation and metastasis via activating PI3K/Akt signaling both in vitro and in vivo (44) . At present, therapy of BC via targeting PI3K/AKT/mTOR pathway is still in evolving field (45) . Thus, we were particularly interested in exploring the special role of SPOCK1 in the evolution of normal mammary gland to BC induced by the AKT/mTOR pathway. Our study revealed that SPOCK1 overexpression actives the AKT/mTOR pathway to promote the progression of BC. This was confirmed by the alterations of target proteins of AKT/mTOR pathway induced by depleting or overexpressing SPOCK1 expression, which can be reversed by LY 290042 or Rapamycin, respectively. Furthermore, inhibition of AKT/mTOR pathway by LY 290042 or Rapamycin also impaired the effect of SPOCK1 upregulation on cell cycle, proliferation and EMT process, verifying the effect of AKT/mTOR pathway on SPOCK1-induced BC cell growth and metastasis.
As is well known that SIX1 made a notable contribution to tumor growth and metastasis (46, 47) . SIX1 was identified to involve in the oncogenic role of SPOCK1 in BC. Hyperactivation of SIX1 was widespread in a variety of human tumors and associated with poor clinical efficacy. Emerging evidence revealed that SIX1 targeting the ERK and AKT signaling and promoting malignant behavior of cancer cells (16, 48) . In accordance with this, we searched the online databases and observed that SIX1 was frequently high expressed in many cancers, BC included, and correlated with poor survival and high risk. Moreover, statistically interaction between SPOCK1 and SIX1 by an online gene expression profiling interactive analysis tool. Based on these findings, we paid our attention to the relationship of SPOCK1 and SIX1. As modified SPOCK1 expression led to significantly changes in SIX1 level, we then performed Co-IP assay to confirm the interactive relationship. IF staining further displayed that SPOCK1 and SIX1 were complexed together in cytoplasm. Li et al. put forward that SIX1 participated in the transcriptional regulation of the Warburg effect in BC (19) , providing a fatal evidence for SIX1 to function as a hallmark of cancer. Herein, to further identified the special role of SIX1 in SPOCK1-mediated BC evolution, we blocked the expression of SIX1 using siRNA and explored the effect on cell cycle, proliferation, motility and EMT process. As we suspected, siSIX1 significantly abolished SPOCK1-induced facilitation of BC progression. Merely, a large of normative studies are still needed to clear this molecular mechanism.
In summary, this study contributed to illuminate the molecular mechanism by which SPOCK1 overexpression in human BC potentiated tumor progression. Our findings indicated that SPOCK1 is aberrantly overexpressed in BC. Interacting with SIX1 stimulated the AKT/mTOR signaling pathway to accelerate cell cycle progress, promote cell proliferation, triggered EMT progress and facilitated metastasis in BC ( Fig. 7) . SPOCK1 along with SIX1 might be prognostic factors for BC patients and promising therapeutic targets to prevent BC progression.
Materials and methods

Ethics statement
Our study complied the Declaration of Helsinki and approved by the Human
Ethics Committee and the Research Ethics Committees of Yanbian University in
China. All patients signed informed consent, which included consent to use the resection specimens for scientific research. All the specimens were kept in our tissue specimen bank and we promised to provide privacy protection for patients.
Animal care and experimental procedures in this study were approved by the Institutional Animal Care and Use Committee (IACUC) of Changchun Weishi testing technology service co. LTD and performed in accordance with the institutional guidelines.
SPOCK1/SIX1 expression pattern
We performed SPOCK1/SIX1 mRNA expression in different cancers and confirmed the expression pattern of SPOCK1/SIX1 in BC by Oncomine database 
Bioinformatics analysis
The protein and protein interaction networks in SPOCK1/SIX1 were established on the platform of GeneMANIA (http://genemania.org/) and Search Tool for the Retrieval of Interacting Genes (STRING) (https://string-db.org/cgi/input.pl) (24) .
The heat map of the correlation between SPOCK1 and EMT markers in the 
Cell proliferation assay
The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay was used to detect BC cell proliferation. Briefly, infected BC cells were seeded in plates and grown to 80% confluences for staining with MTT (0.5 mg/mL; 100 µL; Dako, Denmark) and dissolved the crystal by dimethylsulfoxide per 24 h for 5 d.
Three wells per group at least were analyzed and repeated three times.
Colony formation assay
BC cells were inoculated in 6-well plates for incubating about 15 d. Then fixed the cells by methanol after being washed with cold PBS (Phosphate-buffered saline solution, Boster, China) and staining with Giemsa. Counting the colonies directly. 
5-ethynyl-2'-deoxyuridine (EdU) incorporation assay
Flow cytometry assay
Washing the cells with 10 mL cold PBS, then centrifuging at 1000 rpm for 10 minutes and discarding the supernatant. Added 5 mL of 75% ethanol and incubated at centrifuged the cells for 10 minutes at 1500 rpm and discarded supernatant.
Resuspension the cell pellets in 0.5 mL of PI/RNase Staining Buffer. After incubating 15 min at room temperature, stored tubes on ice freed from light prior to analyzing.
Finally, samples were analyzed on the flow cytometer (BD Accuri C6) and used Modfit LT4.1 Software (Verity Software House, Inc., Topsham, ME, USA) to record the cell cycle distribution.
Immunofluorescence (IF)
BC cells were attached with 4% paraformaldehyde. Permeabilizing cells with 0.5% Then staining with Giemsa after washing with cold PBS. The migrated cells were counted by a microscope. The experiment was performed three times to reduce the possible effects of biological variability.
siRNA transfection
The sequence of si-SIX1 was SIX1-siRNA:
5'-GGGAGAACACCGAAAACAA-3'. BC cells were transfected with SIX1 siRNAs or control siRNA using Lipofectamine TM 3000 Reagent (Invitrogen, USA) according to the manufacturer's instruction.
Western blot
BSA Protein Assay Kit (A8020-5, Roche, Basel, Switzerland) was applied to measure the protein concentration after lysing BC cells with RIPA buffer. The total protein was dissolved by SDS-PAGE loading buffer and transferred onto poly vinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The primary antibodies (Table 3) were incubated overnight at 4 °C. Second day, the HRP-conjugated secondary antibodies (CST, Danvers, MA, USA) were incubating for an hour, then antibody-reactive bands were visualized via enhanced chemiluminescence (ECL) system (Millipore, USA) in an Imager. Operations were as follows ( Fig.8 ):
Co-Immunoprecipitation (Co-IP)
In 
IHC staining analysis
In brief, tissue sections were deparaffinized, rehydrated and incubated with 3% H 2 O 2 for 15 min. Then performing in sodium citrate buffer (pH 6.0) at 95 °C for antigen retrieval. After returning to the room temperature, the slides were incubated with primary antibodies overnight. Next day, secondary antibody was incubated for 2 h. The slides were developed in the reaction with a 3, 3'-diaminobenzidine chromogen and counterstained with Mayer's hematoxylin. Positive control and isotope control selected the tonsil and Rabbit IgG, respectively. Negative control treated positive tissue sections with PBS instead of primary antibody. Immunostaining for SPOCK1 was judged by a double semi-quantitative scoring system (Table 4 ). Specific reference to our previous research (26).
Statistical analysis
Statistical analyses were carried out by SPSS version 17.0 software and Prism 8.0 for Windows. Chi-square tests (χ2) was used to compare the correlations between SPOCK1 expression and clinicopathological parameters. All data were displayed by mean ± standard deviation, which calculated for thrice experiments. One-way Anova was used to compare data between multiple groups, and pairwise comparisons between groups were performed by t-test. We considered P<0.05 as statistically significant.
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